Ballast tank sediments may cause several problems in a wide range changing from environmental to economical. Its contribution to biological invasion is an important concern. Thus, the sediment management is included as an integral component of the "The International Convention on the Control and Management of Ships' Ballast Water and Sediments". The reduction of the amount of the sediment to be removed is of great importance for management issues. Therefore, the convention underlines that ships should be designed and constructed with a view to minimize the uptake and undesirable entrapment of sediments and facilitate removal of sediments. Design and construction solutions can effectively be developed after determination of the problem areas. In this study, sediment accumulation pattern and problem areas in the ballast tank model of a longitudinally framed double bottom tanker is determined. The problem areas are found to be at the mid-section of the tank closer to the centre girder.
Introduction
Transfer of organisms by ship's ballast water has received widespread attention for almost decades starting from 1970's [1] - [4] . The recognition of negative and irreversible impacts of organisms carried in the ballast tanks has triggered many national and international attempts. The International Convention on the Control and Management of Ships' Ballast Water and Sediments at the auspices of the International Maritime Organization (IMO) brings about the measures in the international level aiming to prevent the spread of harmful aquatic organisms from one region to another. The convention entered into force on 8th September 2017. Besides the IMO convention the United States Coast Guard (USCG) published a final rule in March of 2012 to implement ballast water discharge standards. Even though it is a national legislation, it will apply to all vessels discharging in the U.S. waters that take on ballast water outside the U.S. and Canadian Exclusive Economic Zone. D-2 Standards of IMO convention along with the USCG Ballast Water Discharge Standards Final Rule are the two predominant legislations around the globe. Both legislations bring about the limitations on the allowable number of living organisms within a certain size class of organism in the ballast water [5] .
There are more than 70 ballast water treatment systems which have received the Type Approval according to IMO Guidelines for Approval of Ballast Water Management Systems (resolutions MEPC.175 (58) and MEPC.228 (65)) [6] . The decision criteria for selecting ballast water treatment systems are generally based on the ship specifications or/and treatment system characteristics [7] . However the ballast water characteristics are also effective on the system performance [8] - [11] and these systems are mostly effective on organisms which are living in the water phase. On the other hand, ballast tanks of the ships cannot be completely emptied during de-ballasting [12] . Significant amount of sediment may accumulate in some ships during their operations through the years, which give rise to a further invasion risk. The soil sediment drawn by ballast water is mostly in the form of clay (2 μm or less), silt (2-63 μm) and sand (63 μm-2 mm) [13] . On the other hand, most of the ballast water treatment systems available on the market use filters in the first stage of the treatment process. Typical backwash filters used in these systems are mostly capable to remove particles larger than 40-50 μm, which is above the particle size of the sediment drawn by the ballast water. The studies have shown that none of the ballast water treatment methods are capable of eliminating all types of organisms and each method used within the ballast water treatment systems have its own limitations [10] , [14] . As a consequence, there may also be living organisms left in the ballast tanks. The size limitation for allowable living organisms is another concern as many marine organisms have the capability to form resting stages and cysts which are smaller than their vegetative cells and a lot are <10 μm in minimum dimensions [15] . There are a number of studies which draw attention to the invasion risk of organisms within the wide range of taxa and different life stages, which are hosted by the sediment of the ballast tanks [16] - [23] . Once the organisms survive a treatment method, the capability of long term germination of organisms found in ballast sediment [19] and the possibility of in situ hatching of dormant stages in the ballast tanks are important concerns in terms of invasion risk [21] .
In addition to invasion risk, sediments that accumulate in the ballast tanks pose several problems in a wide array [24] . One of the concerns is about human health. If a ship has been installed with a ballast water treatment system which makes use of active substances, the sediment may play role as a repository for disinfection byproducts. This in turn increases the human exposure risk during several occasions such as the ballast water sampling, tank maintaining (sediment cleaning) and tank inspection [25] . The sediments also may be an important sink for heavy metals and compounds that are originated from the deterioration of tank plates used for the structural members and tank coating residues [13] , [26] , [27] which brings about potential ecological risks. On the other hand, the accumulation of the sediment at the bottom of the tanks, along with the other impurities and life forms hosted by the sediment, increases the corrosion risk through different mechanisms [28] - [31] . Besides all, the amount of the sediment accumulated within the tanks may reach up to 100s of tons depending on the vessel type and capacity [19] , [32] .This may in return cause a cumulative loss of income through the years between tank cleaning which generally takes place during dry-dockings.
There are several factors affecting the sediment accumulation in a ballast tank. The flow regime in the ballast tank is one of the important factors. The structure of the ballast tanks varies from ship to ship and depends on where it is located on a single ship. However, the complex geometry due to longitudinal and transversal structural members (such as bottom longitudinals, girders, solid floors) used to maintain the ship strength in most ballast tanks is a common issue. This complexity also causes a complex flow regime during ballasting and de-ballasting operations. The tanks contain many compartments separated by longitudinal and transversal structural members and openings on these members. There are many potential dead spots in the tanks. During ballasting and de-ballasting operations, these spots with very low local flow velocities are susceptible to sediment accumulation [33] and besides, the positions of inlet and outlet directly affect the flushing efficiency [34] , [35] . Sturtevant et. al. also observed that the sedimentation pattern differs in the ballast tanks depending on both the proximity of the location to the bell-mouth (ballast intake/pump-out port) and openings on the tank members [36] .
The International Convention on the Control and Management of Ships' Ballast Water and Sediments of IMO brings obligations for ships. Along with other terms included in the Convention, Regulation B.5 states that ships should be designed and constructed with a view to minimize the uptake and undesirable entrapment of sediments. The Marine Environment Protection Committee (MEPC) of IMO also developed "Guidelines on design and construction to facilitate sediment control on ships (G12)" (resolution MEPC.209 (63)) to assist designing ships to minimize the retention of sediment [37] . The main purpose of the present study was to experimentally determine the sediment accumulation pattern in a longitudinally framed double bottom tank model. By identifying the accumulation pattern, it will be possible to identify problem areas and to develop strategies for target areas to avoid sediment accumulation.
Materials and Methods

Experimental System
The experimental system consisted of three components (Fig. 1) . A ballast tank model was the main component of the system. A roll simulator component provided regular motion for the tank model. The third component was the sediment and water mixing tank. This tank was used to prepare a mixture (hereinafter will be referred to as ballast mixture) that would be used to fill the ballast tank instead of ballast water. The ballast mixture was filled directly into the ballast tank model with a pipe system. The tank was also emptied by the same circuit.
The ballast tank model ( Fig. 2 ) was constructed as a 1/20 scale model of a real longitudinally framed tanker double bottom ballast tank structure. The model contained all the main components available in the real tanker double bottom ballast tank. The holes and apertures that would allow water flow through the compartments of the tank model (i.e. manholes, lightening holes on the longitudinal and transversal structural members, small apertures opened in the lower corners of the used profiles, cutouts at the intersection of the bottom longitudinal and transverse floors, scallops) were also present with the scaled dimensions. The model was separated longitudinally by a continuous centre girder. Each side of the model had an inlet / outlet at the rear wall close to the continuous centre girder. Left side of the model considered as the port side of the real ship and the right side of the model considered as the starboard side of the ship. Each side had 8 stations and 24 compartments sectioned by transversal floors and longitudinal girders (Fig. 3) . The compartment rows were numbered from 1 to 8 starting from bow side to the aft side of the model; compartment columns were labelled as A, B, C from the port side towards the centre line and labelled as D, E, F from the center line to the starboard side of the model. The model was placed on the carrier stand of the roll simulator. Although ships have six degrees of freedom, only the roll motion was taken into account for simplicity. 2.1.1 Preparation of ballast mixture Sediment directly from the sea bottom would contain different fractions depending on the time and location where the sediment was drawn. This would adversely affect the comparability of the results of replicate experiments. For this reason, it was decided to use industrially manufactured clay instead of sea sediments and commercially available bentonite clay was used to ensure homogeneity.
The ballast sediment mixture was prepared as a suspension of bentonite clay by mixing tap water with bentonite in the mixing tank. The mixing tank was installed with two mutually perpendicular blade systems. The first blade was situated at the bottom of the mixing tank while the other is situated 50 cm above the bottom. The blades had a two-way rotation with intervals to prevent sedimentation at the bottom and ensure well mixing in the water column. The ballast mixture contained 3 g/L sediment in suspension. The sediment concentration was chosen to be 10 times the suspended particulate matter of a standard harbour condition scenario [38] , which was compatible with the sediment concentrations in harbours with high sediment concentrations [39] . Since the sediments contained in the ballast water were saturated with water in the real life conditions, the mixture was stirred in the mixing tank for 24 hours prior to it was taken to the tank model for the experiments.
The reason behind the choice of clay is mainly the geometric dimension of the particles. Clay minerals are clay-sized (< 2µm) fraction of soils [40] . Most of the sediments that accumulate in ballast tanks are in clay and silt size (<63 µm) [13] , [25] . As a result, the particle size to be selected had to be below 63 μm when scaled up to real size. On the other hand, in the ballast tank model, the bottom apertures (located where structural members meet the bottom floor) that provide water passage between the compartments were quite narrow spaces. When the real ship was scaled down to the model, the dimensions of these apertures decreased from centimetres to millimetres (i.e., the diameter of the semicircle shaped scallops decreases from 120 mm to 6 mm, and the diameter of the quarter circle shaped apertures decreases from 36 mm to 1.8 mm.). The particle size to be selected should not cause clogging more than real life condition. And lastly, the average capacity of pre-treatment technologies (filter, hydrocyclone, etc.) of the ballast water treatment systems present in the market were taken into account. It was determined that the significant number of the systems is capable of disposing particles which are sized 40 μm and above. The use of clay with a particle size <2 μm would correspond to a particle size <40 μm when scaled to real condition. Within the framework of the above criteria, clay size found to be appropriate in terms of geometric dimensions. On the other hand, different types of clay were tested preliminarily and bentonite found to be appropriate in terms of sedimentation duration in the water column within the purpose of the experiment.
Experimental plan
This work was carried out to determine the sediment accumulation pattern in a double bottom ballast tank of a conventional longitudinally framed tanker. The prepared ballast mixture was filled into the model of the ballast tank. Three ballast condition voyage of a tanker (each lasted ~4.5 days) was simulated with the roll simulator. The study was conducted assuming that each ballast voyage took place in a 3-4 sea state (Beaufort number 4-5) condition (roll angle φ = 5 °, rolling period T = 15.65 s), which is the most common sea state condition [41] that the commercial ships operate at. The working duration of the system and the number of times of filling and discharging were determined depending respectively on the duration of the simulated ballast voyage and the number of ballast voyages. The experimental parameters are given in Table 1 . The ballast tank model was filled up to 90% of its capacity with the ballast mixture and then the roll simulator was started. After 24 hours of simulation, the ballast mixture was discharged through the outlet at the rear side of the model. As in the real discharge condition, 5° of trim to the aft side of the model was provided at the end of the process to ensure the maximum discharge volume. After the discharge process was completed, the new ballast mixture was taken on the remaining sediment and the system was restarted for 24 hours. Then the same process was repeated once again. The experimental trial was completed after simulating a total of three ballast cycles. Three trials were conducted under the above mentioned conditions.
At the end of the experiment, the sediment collected from each compartment was taken into the beakers which had been previously weighed. The sediment in the beakers was dried at a temperature of 103-105°C until a constant weight was obtained. The total solids accumulated in each compartment were then determined by analytic scale by measuring the weight gain of the evaporation residue in the sediment collected from the respective compartments. 
Uncertainty Analysis
The uncertainty analysis was carried out by following the International Towing Tank Conference (ITTC) Quality Manual 7.5-02-02-02. Major experimental error resources were considered to be the model geometry, sediment collection and the weight measurement device.
Model geometry and measurement equipment:
The model should be manufactured either to be geometrically similar to the drawings or mathematical model describing the hull form. Even though great effort is given to the task of building a model, no model manufacturing process is perfect and therefore each model has an error in form. The influence of an error in the hull form affects the total volume of the model. Therefore, the bias errors due to model manufacture error both in the model dimensions and the volume were taken into account. Calculation of the bias error due to model manufacture precision allowed by the ITTC is given in Table 2 . Each dimension is varied ±1 mm to reflect the maximum manufacture error. The precision limit of the weight measurement equipment was given as 0.0001 g by the manufacturer. 
Data Evaluation:
As the port side and starboard side of the tank are symmetrical with respect to the continuous centre girder and have their separate ballast intake/pump-out ports, the results obtained from the tanks on both sides are evaluated together. First, uncertainty analysis was carried out for 6 data sets (2 data sets × 3Trials).
According to the uncertainty assessment method recommended in the ITTC Quality manual 7.5-02-02-02 the precision limit for a single record is calculated as, ( ) = 2 × (1) where s stands for a single run and SDev is the standard deviation, and total uncertainty for the multiple records can be calculated as,
where M is the number of records.
Results
Considering the weight of the accumulated sediment in the tank bottom will vary depending on the conditions, the test results were evaluated proportionally to be able to have a general perspective on the issue. The proportion of the solid material obtained from each compartment to the total solid material collected from all the compartments of the tank considered (i.e. port side and starboard side of the tank model) were taken into account. For each trial, the sediment accumulation rates (SARs) of each compartment in the port side and starboard side tanks are presented in the contour graphs given in Fig. 4, Fig. 5 and Fig. 6 When the graphs are examined, most of the sediment appear to accumulate intensively in the C3-C4-C5-C6 compartments on the port side and in the D3-D4-D5-D6 compartments on the starboard side. These compartments are located next to the continuous centre girder. The sediment accumulation increases towards the centre of the model, and decreases in the longitudinal and horizontal directions with increasing distance from the centre of the model.
Discussion
The observed sediment behavior is a result of the boundary layer formation along the compartment side walls and the bottom. During the rolling motion of a tank that is filled with water, drag will form on the tank walls due to the boundary layer formation. The water right at the sides of the compartments and all along the bottom, will be moving slower than the rest of the liquid in the tank due to the boundary layer effect. All that water pushing up against the
sides of the compartments establishes a pressure gradient, with higher pressure towards the outside of the tank. The slow-moving water is displaced and when it hits the sides of the tank, it drops downwards, and when it gets to the bottom of the tank, and meets the relatively slowmoving water there, it's forced inwards. Once it gets to the middle section it's forced upwards, and the cycle continues over and over again. The time evolution of the liquid motion, including the free surface deformation at regular intervals during one period of the tank motion [42] is given in Fig. 7 . In their study, [42] Jung et. al. showed that the fluid flows mainly in the same direction as the tank motion which supports the flow pattern explained above.
Fig. 7
Flow streamlines in a tank at =1/4T, t=2/4T, t=3/4T and t=4/4T [42] Sediments in the water are too heavy to be lifted up by the upward flow in the tank, but they get caught up in that roll and are directed towards the centre girder of the tank where they accumulate.
The results from the three trials mentioned in the results section were used to generate a general perception of the sediment distribution pattern in the ballast tank model. In this context, the mean value of the three trials was calculated and columns that are symmetrical with respect to the centre girder (starboard side and port side) were evaluated as different data sets. The assumption of different data set is based on the symmetric structure of the model. In the model, the starboard side and port side sections work as separate ballast tanks. They have their own inlet/outlet and their motion is symmetrical with respect to the centre girder, which is watertight.
In Fig. 8 , the sediment accumulation in each row from 1 to 8 is given. The sediment accumulation is intensified in the C and D columns which are symmetrically located on each side of the centre girder where the amplitude of the roll motion is the smallest. This causes a slow down on the sediment motion in the compartments closer to the centre of symmetry. On the other hand, due to the boundary layer formation on the exterior watertight walls at the bow and aft sides the sediment is headed towards the centre which corresponds to the rows 4 and 5. Considering the above mentioned approach, an uncertainty analysis was made according to the ITTCS quality manual 7.5-02-02-02 to obtain more refined results from the experimental study. The mean value and its rate of uncertainty variation depending on the number of records are given in Table 3 for the nearest columns (C and D) to the center girder where the maximum sediment accumulation was observed. Rate of uncertainty values were calculated by using Equation 2 in Section 2. The mean value and the standard deviation of all tests were calculated and change of uncertainty for each data set is presented in this table. In Fig. 9 , the variation of the uncertainty can be seen by means of the number of records. This figure shows that total uncertainty can be reduced to less than 10% of the mean value provided that 6 and more records of the sediment collection are available.
The results obtained from the uncertainty analysis shows that the general perception of the sediment distribution pattern given in Fig. 8 is in an acceptable error range. The sediment amount will naturally change due to several factors (i.e. sediment load of the port, operational conditions, duration after the last tank cleaning). However, the accumulation patterns tend to be similar. In Fig. 11 , error bars were placed on the mean value of 6 sediment collection records. It is found that the total uncertainty can be as low as 10% at places with the highest sediment accumulation. 
Conclusion
Sediment management is an integral component of "The International Convention on the Control and Management of Ships' Ballast Water and Sediments". Due to the nature of the sediments, management consists of several stages, processes and procedures [43] . The best strategy for ballast management is avoiding sediment uptake with the ballast water. However, once the sediment is uptaken with the ballast water, the management starts with the collection of the sediment from the tank's bottom, which is a tedious and demanding task. Therefore, the reduction of the amount of sediment to be collected and managed is of great importance. The regulation B.5 of the International Convention on the Control and Management of Ships' Ballast Water and Sediments underlines that ships should be designed and constructed with a view to minimize the uptake and undesirable entrapment of sediments and facilitate removal of sediments. From this perspective, developing the design strategies that go in line with the "2012 Guidelines on Design and Construction to Facilitate Sediment Control on Ships (G12)" [37] developed by Marine Environment Protection Committee of IMO is crucial. However, effective design and construction solutions can be developed after determination of the problem areas.
In this study, sediment accumulation pattern in the ballast tank model of a longitudinally framed double bottom tanker is determined in order to find out the target area for developing effective design strategies. The highest sediment accumulation rates are determined at the compartments, which are neighboring the central continuous girder around the mid-part of the tank model. These results are also consistent with the preliminary results of the authors [44] .
In their technical paper, Prange and Pereira [12] , propose some simple modifications in ballast tanks that include modification in the de-ballasting system, some minor alterations in the tank design and injection of water against the bottom of tanks. Yuan et. al. [45] also proposes a flushing system to re-suspend the accumulated sediments at the bottom and circulate it through a hydrocyclone for separating. These and other strategies would be more effective if the accumulation pattern is taken into account. A combination of several strategies developed depending on the accumulation pattern can be both effective and more feasible.
The findings of this study suggest that re-suspension would be beneficial especially at the compartments neighboring the central continuous girder around mid-part of the tank model, while minor alterations alone can be sufficient at the outer surrounding compartments. These precautions will also decrease the sediment accumulation amount through the duration between two tank cleaning processes.
Although the ships have six degrees of freedom, the rotational motions (i.e. roll, pitch, yaw) are dominant for triggering the sediment motion in the tanks. In this study, only the roll motion was taken into account for simplicity. Future work that will include the pitch and yaw motions in addition to the roll motion will lead to more accurate accumulation patterns. This will benefit the strategies for avoiding sediment accumulation in the tanks.
